Direct imaging surveys for exoplanets commonly exclude binary stars from their target lists, leaving a large part of the overall planet demography unexplored. To address this gap in our understanding of planet formation and evolution, we have launched the first direct imaging survey dedicated to circumbinary planets: SPOTS, the Search for Planets Orbiting Two Stars. In this paper, we discuss the theoretical context, scientific merit, and technical feasibility of such observations, describe the target sample and observational strategy of our survey, and report on the first results from our pilot survey of 26 targets with the VLT NaCo facility. While we have not found any confirmed substellar companions to date, a number of promising candidate companions remain to be tested for common proper motion in upcoming follow-up observations. We also report on the astrometry of the three resolved binaries in our target sample. This pilot survey constitutes a successful proof of concept for our survey strategy and paves the way for a second stage of exploratory observations with VLT SPHERE.
Introduction
While binary star systems have traditionally been assumed to be hostile environments for the formation and survival of planets, a growing body of theoretical and observational evidence demonstrates that this is not the case. Most exoplanet surveys based on the Doppler spectroscopy or direct imaging techniques to date have made active efforts to exclude at least some parameter ranges of known binaries from their target lists (e.g., Jones et al. 2002; Wright et al. 2004; Marcy et al. 2005) . In particular, binary target stars present technical obstacles to Doppler spectroscopy, which is responsible for most of the confirmed exoplanet discoveries prior to 2014. It may then come as a surprise that, in spite of these selection biases, 78 of the 729 exoplanets listed in the Exoplanets.org database (Wright et al. 2011) by November 2013 reside in a multiple system, indicating a large and mostly unexplored population of such planets.
Various theoretical and observational studies have been conducted on the impact of binarity on the properties of planets Based on data collected at the European Southern Observatory, Chile (ESO Programmes 088.C-0291 and 090.C-0416) and at the Subaru Telescope, which is operated by the National Astronomical Observatory of Japan.
(see e.g. the book "Planets in Binaries", Haghighipour 2010 ). Since most of these studies are based on Doppler spectroscopy ('radial velocity') observations, they focus on planets on shortperiod circumstellar (s-type) orbits around components of wide binary systems. The presence of a distant companion star is expected to influence the planet formation process in such systems through truncation and dynamical heating of the protoplanetary disk (e.g., Artymowicz & Lubow 1994) . The main result of these studies is that binarity may change the shape of the planet demography, but only slightly impacts the overall frequency of planets (Bonavita & Desidera 2007; Bergfors et al. 2013) . However, there are hints that binary companions with separations 100 AU, for which these dynamical effects are enhanced, may reduce the number of giant planets formed (see e.g. Bonavita & Desidera 2007; Eggenberger et al. 2007; Wang et al. 2014) and leave a characteristic imprint on their properties (Desidera & Barbieri 2007) . However, the available data on such systems is currently still too limited to confirm these hypotheses. In any case, the discovery of circumstellar planets in binary systems with separations as small as ∼20 AU (Hatzes et al. 2003; Chauvin et al. 2011) , whose existence presents a considerable challenge to current planet formation theories (Thebault 2011 A&A proofs: manuscript no. ms proves that planet formation can succeed even in dynamically excited environments.
In general, planetary orbits in a binary system are stable on long time scales if the overall system architecture is strongly hierarchical (Holman & Wiegert 1999) . In the case of circumstellar (s-type) planet orbits, this means that the planet's semimajor axis a must be smaller than a critical upper limit a c , which in turn is a fraction of the binary's separation a b depending on the binary's mass ratio and eccentricity. In sufficiently close binary systems (a b 5-10 AU), a second regime of stable planet orbits become viable: circumbinary (p-type) orbits, which enclose the orbits of both stellar components of the binary host system. In this regime, the stability criterion takes the form of a lower limit on the planet's semimajor axis, a > a c , with a c /a b ranging from 2 to 4.
Since the detectability of a planet with transit photometry and Doppler spectroscopy is highly biased towards small semimajor axes, circumbinary planets are generally more challenging to detect with these techniques than circumstellar planets. Despite this disadvantage, seven transiting circumbinary planets have been discovered by the Kepler mission (e.g., Doyle et al. 2011; Orosz et al. 2012) , including a multi-planet system and a planet in the habitable zone, hinting at a rich and varied, yet largely undiscovered population of circumbinary planets (Welsh et al. 2013; Armstrong et al. 2014) . Several other circumbinary planet candidates were discovered on the basis of eclipse timing variations in post-common-envelope binary systems (e.g., Lee et al. 2009; Beuermann et al. 2010) . Some of these claims have been disputed (e.g., Horner et al. 2013) , but for at least one target, NN Ser, the evidence for circumbinary planets appears robust (Marsh et al. 2014) . It has been suggested that at least some of these planets might have formed as second-generation planets from ejected stellar material after the common-envelope phase (Perets 2010) . Efforts are also made to search for circumbinary planets with Doppler spectroscopy (Konacki et al. 2009 ).
All of these indirect planet detection techniques are heavily biased towards short-period planets, and do not provide meaningful constraints beyond orbital radii of 5-10 AU. On the other hand, direct imaging powered by adaptive optics and differential imaging techniques has proven to be a powerful technique to probe the outer reaches of stellar systems for giant planets (e.g. Neuhäuser et al. 2003; Lafrenière et al. 2007a; Vigan et al. 2012; Rameau et al. 2013a; Biller et al. 2013; Janson et al. 2013) , leading to a number of discoveries of planets (e.g. Lagrange et al. 2010; Marois et al. 2010; Carson et al. 2013; Kuzuhara et al. 2013; Rameau et al. 2013b ) and brown-dwarf companions (e.g. Thalmann et al. 2009; Biller et al. 2010) . However, the published imaging surveys have largely avoided close binary targets, leaving a vast unexplored territory in the parameter space of circumbinary planets. While Crepp et al. (2010) target narrow binaries in search of circumbinary tertiary bodies, their sensitivity is limited to stellar companions. Delorme et al. (2013) reported the imaging discovery of a 12-14 M Jup substellar companion orbiting a pair of M-dwarf stars, though the comparatively high mass ratio implies a stellar rather than planetary origin. To date, no bona fide circumbinary planet has been imaged.
The SPOTS project (Search for Planets Orbiting Two Stars; Thalmann et al. 2013) aims to fill in this gap by conducting the first direct imaging survey dedicated to circumbinary planets. In a first stage, 26 nearby young spectroscopic binary targets have been observed over the past 2 years with VLT NaCo, and 41 more targets are foreseen for a second stage using VLT SPHERE in the coming 2-3 years. In this work, we present the scientific justification, observing strategy, and preliminary results for the first stage of the SPOTS survey. Due to the unavailability of NaCo in ESO periods P92 and P93, the follow-up efforts for this stage are still ongoing; thus, final observational results and statistical analysis will be presented in a future publication. Furthermore, we complement our survey with a comprehensive census of the body of archival high-contrast imaging data of spectroscopic binary targets (Bonavita et al. 2014 , herafter Paper II), including a detailed statistical analysis based on the MESS code (Bonavita et al. 2011) .
In Section 2, we discuss the scientific merit of direct imaging of circumbinary planets in more detail. Section 3 describes the survey design and lists the targets covered by the first stage of SPOTS. We report on our high-contrast observations and their preliminary results in Section 4, and summarize our conclusions in Section 5.
The science case for direct imaging of circumbinary planets
As outlined in Thalmann et al. (2013) , the scientific motivation of the SPOTS project to search for circumbinary planets by direct imaging can be summarized in the following four points.
Unexplored territory
Since stellar binarity is wide-spread, with approximately half of all Sun-like stars having a stellar companion (Raghavan et al. 2010) , circumbinary planets may constitute a significant fraction of the overall planet population. In the spirit of fundamental research, it is therefore inherently interesting to explore this largely unknown parameter space. The existence of circumbinary planets is favored by both observational and theoretical arguments. For instance, the existence of circumbinary disks (Mathieu 1992; Dutrey et al. 1994) and the growth and crystalization of dust in such disks (Pascucci et al. 2008; Duchêne et al. 2004 ) are well attested, and thus provide the necessary ingredients for planet formation. While secular excitation of planetesimal orbits driven by the binary has been proposed as an obstacle to core accretion, favoring erosion over accretion (Meschiari 2012) , Rafikov (2013) proposes that the asymmetric gas disk in such a system dampens the excitation and promotes accretion. Marzari et al. (2013) instead finds that the overall effect of the eccentric disk on the planetesimal population is destructive, whereas Martin et al. (2013) find that a 'dead zone' within a layered circumbinary disk may promote accretion, and even locally render planet formation more efficient than at similar separations around single stars. In any case, the discovery of seven transiting circumbinary planets with Kepler (Welsh et al. 2013) demonstrates that planet formation does successfully occur in close circumbinary configurations. Furthermore, direct imaging is sensitive to planets in wider orbits, where the perturbing influence of the central binary decreases.
Good observability with direct imaging
Unlike Doppler spectroscopy and transit photometry, direct imaging does not suffer technical difficulties from spectroscopic binary targets. As long as the binary is not resolved, it behaves like a single star for the purposes of adaptive optics guidance and differential imaging methods. Resolved binaries may achieve comparable performance if the secondary star is significantly fainter than the primary, as observations from our SPOTS pilot survey demonstrate (Section 4). These observational constraints coincide with the ideal conditions for stable circumbinary planet orbits (close stellar separation and/or high stellar mass ratio; Holman & Wiegert 1999) , and are therefore compatible with most astrophysically promising targets.
Furthermore, circumbinary planets may offer a distinct advantage in terms of contrast. The number of massive planets formed in a system is thought to scale with the available mass of the protoplanetary disk, which in turn scales with the mass of the host star (e.g Kennedy & Kenyon 2008) . This notion is supported empirically by the fact that the majority of directly imaged planets have been found around early-type host stars (Lagrange et al. 2010; Marois et al. 2010; Carson et al. 2013; Rameau et al. 2013b) . If this relation also holds for close binary stars, then a pair of G-type stars should offer the same planet-forming resources as a single A-type. However, the former system is several magnitudes fainter than the latter, and thus offers much more favorable conditions for direct imaging of self-luminous planets.
More planets on wide orbits?
Close binary systems offer two mechanisms that may increase the number of planets on wide orbits, which are the favored targets of direct imaging.
Scattering. Planets forming or migrating close to the inner edge of the stability region may experience a close encounter with the host system's secondary star, which results in dynamical scattering of the planet (Nelson 2003; Veras & Armitage 2004) . While most of these events end with the ejection of the planet from the system, some produce highly eccentric, bound orbits with large semimajor axes. These planets may subsequently be damped into less eccentric wide orbits through interaction with the protoplanetary disk. Numerical simulations by Pierens & Nelson (2008) suggest that massive giant planets (≥ 1 M Jup ), which make favorable objects for direct imaging, are particularly prone to scattering, whereas lower-mass planets may instead remain stranded near the inner edge of the stability region (see also Pierens & Nelson 2013; Kley & Haghighipour 2014) . This prediction has received some observational support in a recent study by Armstrong et al. (2014) on Kepler transit photometry data, which indicates that the frequency of small planets (radius smaller than Jupiter's) on short orbits (periods ≤ 300 d) is consistent between tight binary and single host stars, but that Jovian-sized planets appear significantly depleted in the circumbinary case. Considering that the high system mass of binary systems is thought to favor the formation of massive planets (cf. Section 2.2), these findings suggest a selective depletion mechanism for such planets consistent with Pierens & Nelson (2008) . Migration. A second possibility is continuous outward migration as opposed to isolated scattering events (Martin et al. 2007 ). This requires transfer of angular momentum from the host binary to a planet via viscous disk interaction, rendering the binary orbit tighter and the planet orbit wider. Due to the low mass ratio between the planet and the stars and the nonlinearity of the gravitational potential, a small change in the binary orbit has a large effect on the planet orbit, which may extend out to 20-50 AU.
While the chances of either process occurring in a system may be low, one must keep in mind that giant planets in wide orbits are rare to begin with (Nielsen & Close 2010) ; thus these mechanisms may still result in a measurable enrichment of the population of such planets.
Improved constraints on planet formation theories
Circumbinary systems provide an excellent laboratory for testing theories of planet formation and evolution. Theoretical studies have predicted both positive and negative effects of binarity on planet formation, in both the core accretion scenario (e.g., Marzari et al. 2013; Martin et al. 2013 ) and the gravitational instability scenario (Mayer et al. 2005; Boss 2006) . Such effects are expected to leave characteristic imprints on the planet demography around binary systems. Measuring those differences to the planet demography around single stars may then provide insights into the underlying physical processes. Similar studies for circumstellar planets in wide binaries have already found tentative evidence for such differences (e.g., Bonavita & Desidera 2007) .
For circumbinary planets, a first indication of such a demographic feature is found in Kepler transit photometry data, where circumbinary planets have so far been found exclusively in host systems with binary orbital periods P bin ≤ 7 d, although the detection bias from sampling coverage favors target binaries with shorter periods (Welsh et al. 2013; Armstrong et al. 2014 ). Possible explanations for this feature include reduced detectability of planets orbiting short-period binaries due to a larger spread of orbital misalignment, reduced planet formation efficiency due to higher secular perturbations in such systems, or loss of planets to dynamic scattering in the formation phase of the short-period binary. Sampling the circumbinary planet demography with direct imaging could test whether this effect extends to wide planet orbits, and thus help identify underlying astrophysical causes.
Survey design

Target selection
The selection of targets was based on an extensive compilation of nearby young stars assembled in preparation of the SPHERE guaranteed-time survey. The indication of young age is derived from various indicators such as membership to young moving groups, lithium content, chromospheric and coronal emission, and fast rotation. From this list we selected 67 young spectroscopic and close visual binaries as suitable targets for a directimaging search for circumbinary planets. As a selection criterion, we demanded that the background-limited minimum detectable planet mass in a one-hour NaCo observation be ≤ 5M Jup . This imposes joint constraints on the distance and age of the target systems, allowing higher ages for more nearby stars. For early-type target stars, which are expected to form higher-mass planets than Sun-like stars, this criterion was relaxed to ≤ 8M Jup . The median minimum detectable planet mass was below 1M Jup for the Moving Groups subsample, 2.8M Jup for the Field Stars subsample, and 4.4M Jup for the Early-Type subsample. A total of 26 targets were eventually observed in the NaCo stage of the SPOTS survey.
It should be noted that close tidally-locked binaries are characterized by high levels of chromospheric and coronal emission and fast rotation even at old ages, mimicking the appearence of young stars. Indeed, several old tidally-locked binaries are included in previous direct-imaging surveys (Paper II). To exclude this kind of systems, which are not suited for our science aim, we required that the estimate of young age not be based solely on activity and rotation, but also on other indicators such as lithium content and group membership, unless the availability of the binary orbital elements (e.g., long period) allowed to rule out the tidal-locking scenario. We should mention, however, that lithium content can also be altered in close binaries, making the age estimate challenging (Pallavicini et al. 1992) . Table 1 summarizes the stellar and binary parameters of the observed target sample. The determination of the stellar parameters follows the methods described in Desidera et al. (2014) . We listed the mass of the binary companion and the orbital elements where available. We also derived the critical semimajor axis for dynamical stability (Holman & Wiegert 1999) , to have an estimate of the minimum separation at which circumbinary planets can be found in stable orbits. In most cases, the results were significantly smaller than the inner working angle of our imaging observations. Where orbital elements are not available, upper limits based on, e.g., the observed radial velocity variability are listed. The targets are also described individually in Appendix A.
Observing strategy
For the first stage of the SPOTS survey, we make use of the Very Large Telescope (VLT) NAOS-Conica (NaCo) highcontrast adaptive-optics (AO) imaging facility. We follow the observing technique that was used for the NaCo Large Program (Chauvin et al. 2014 ; ESO programs 184.C-0567, 089.C-0137, 090.C-0252), a direct imaging survey for planets around single stars, whose observational stage has been completed successfully and whose concluding publications are currently in preparation. Analogous observing strategies are employed by other surveys as well, such as the ongoing SEEDS survey on Subaru HiCIAO (Tamura 2009 ).
For each survey target, an exploratory H-band (1.6 µm) highcontrast imaging observation is taken on VLT NaCo. If the data reduction reveals faint point sources at significance levels of ≥ 5 σ with convincing visual characteristics in the vicinity of the target star, a second epoch of observation must be taken in order to test these companion candidates for common proper motion with the target star. From our experience with the NaCo Large Program, we expect roughly 30% of all targets to have candidates in need of such astrometric follow-up (Chauvin et al. 2014) . The time between the exploratory and follow-up observations is chosen such that the star exhibits a measurable amount of proper and parallactic motion (ideally ≥ 100 mas) with respect to the sky background. Due to the slow duty cycle involving proposal-writing and service-mode observation, the practical minimum epoch difference is roughly one year, which is a sufficient amount of time for most target stars. Should any candidates be confirmed as co-moving and thus as physical companions to their stars, further follow-up observations will be pursued.
The exploratory and astrometric follow-up observations follow the same pattern. Each observing block is one hour long, and includes target acquisition, two short four-point dithering sequences of unsaturated images taken with the ND_short neutral density filter (transmission 0.0123 ± 0.0005 in H-band, Bonnefoy et al. 2013) for photometric calibration purposes bracketing the science observations, and a sky background observation for fixed-pattern noise calibration towards the end of the observing block. We use the H-band filter and the high-resolution camera with a pixel scale of 13.7 mas and a field of view of 1024 pixels = 14 across. For two particularly bright targets, the field of view was reduced by half in order to allow for faster detector readout times. The NAOS AO system is run in natural guide star mode and must provide close to diffraction-limited resolution in order to qualify an observing run as successful. Pupil-tracking mode is used in order to allow for angular differential imaging (ADI; Marois et al. 2006 ) data reduction, and cube-mode data storage is employed to reduce overhead. Due to the limited Strehl ratio in H-band as well as unreliable pointing stability, we forego the use of a coronagraph and instead saturate the target star out to ∼ 7 pixels in order to achieve high background-limited sensitivity. The integrated exposure time on the science target is on the order of 40% of the duration of the observing block.
All data sets of this kind are reduced by subtracting a fixedpattern noise, dividing by a flat field image, binning the ensemble of exposures into a manageable number of master frames if necessary, and finally subtracting the stellar point-spread function (PSF) with the ADI technique using the LOCI algorithm (Locally Optimized Combination of Images; Lafrenière et al. 2007b) . Since the aim is to detect point sources, the LOCI parameters are set to aggressive values (tyically, a frame selection criterion of N δ = 0.5 FWHM and an optimization area of N A = 300 PSF footprints). Fake planet signals are injected into the data in order to measure and compensate for the loss of planet flux due to partial self-subtraction, following the procedure in Lafrenière et al. (2007b) . We estimate the hypothetical companion masses for the candidates by comparing their absolute Hband magnitude with the COND evolutionary models (Allard et al. 2001; Baraffe et al. 2003) .
Companion candidates are identified as faint signals with morphologies compatible with the PSF core and statistical significance of at least 5 σ. The significance is calculated as the S/N ratio, using a radial noise profile calculated as the standard deviation in concentric annuli around the star.
While the NaCo-based first stage of the SPOTS survey is planned to be concluded in 2015, a second stage covering the remaining 40 targets is foreseen to be executed with VLT SPHERE in the coming years.
Observations and preliminary results
Exploratory observations
A total of 14 and 13 targets were observed with VLT NaCo as part of the SPOTS survey under the ESO programs 088.C-0291(A) and 090.C-0416(B), respectively. Details for these observations are presented in Table 2 . For each observed target, the epoch of first observation, the integrated time on target, and the presence of candidates or other notable field objects is noted. The last two columns furthermore note whether the exploratory observations revealed candidates in need of follow-up observations, and whether such follow-up has been obtained successfully at the time of writing. Figure 1 illustrates the high quality of the high-contrast data on the examples of the two targets Alhena and EM Cha, and Figure 2 provides plots of the contrast and minimum detectable planet mass curves for those two targets.
Follow-up observations
In ESO program 090.C-0416(A), four targets from the P88 exploratory observations flagged for follow-up were observed for a second epoch. In the case of IK Peg, the background-limited sensitivity of the follow-up data was insufficient to re-detect the faint candidates of the first epoch, probably due to worse weather conditions during the second epoch. This observation will therefore have to be repeated.
For the P90 target GS Leo, we pursued special follow-up observations via director's discretionary time (DDT) on the Subaru IRCS facility (Kobayashi et al. 2000) . This target lies in the Northern hemisphere and thus passes close to zenith when viewed from the Mauna Kea observatory, affording a much higher field rotation rate and thus superior ADI performance A&A proofs: manuscript no. ms −7 times the primary star's peak flux. The image is centered on the A-type primary star (marked with a plus sign and the label A). The area within 0 . 55 of the primary is displayed with a software attenuation of a factor of 1/1000 in order to render the resolved G-type secondary star (marked B) visible. Despite the presence of the secondary, the ADI processing effectively removes the primary's PSF, revealing two faint point sources nearby. Our follow-up observations identify these sources as background stars (marked bg). If they had been co-moving companions sharing the host system's age, their H-band brightness would have corresponded to masses of 29 M Jup and 45 M Jup in the COND evolutionary models by Baraffe et al. (2003) . The field of view read out from the detector was reduced for this observation to allow for faster readout times. (b) The signal-to-noise (S/N) ratio map corresponding to image (a), produced by cutting the image into concentric annuli and dividing their pixel values by their standard deviation, displayed at a linear stretch of [−5, 5] σ. Since the secondary star is much fainter than the primary, it does not disturb the well-behaved residual speckle noise pattern. (c) LOCI ADI image of EM Cha at a linear stretch of ±2.2 × 10 −5 times the unresolved binary's peak flux. The location of the unresolved target binary is marked by a plus sign and the label AB. A known background star is visible (marked bg). Its brightness corresponds to a 7 M Jup planet at the system age. (d) The S/N map corresponding to image (c), demonstrating well-behaved residual noise.
Article number, page 6 of 12 Table 2 . Status of SPOTS exploratory observations. A black square in the column "Bin. res.?" indicates that the target binary has been resolved in our images. In the last two columns, a black square indicates that follow-up observations were deemed necessary, and were successfully executed, respectively. The empty square for the target IK Peg marks a follow-up observations that was executed, but turned out to be insufficiently sensitive to re-detect the candidate sources. The acronym IWA stands for inner working angle, which, in this particular context, refers to the minimum angular separation from the star at which there is sufficient field rotation to perform LOCI ADI processing. Note that detections near the IWA suffer from increased false alarm probability due to small-number statistics (Mawet et al. 2014) . Background galaxies are identified by their visibly extended morphology that is inconsistent with the stellar PSF observed in the unsaturated calibration frames. None of the targets with reliable follow-up observations have yielded any co-moving companions.
and inner working angle (IWA) 1 than from Paranal. In the firstepoch data, the candidate appeared as a 6 σ signal at a separation of 0 . 4 from the star, very close to the inner working angle given by the poor field rotation range of those data. Although the follow-up data provided twice the contrast performance of the first-epoch data at the location of the candidate and offered a significantly smaller inner working angle, the candidate signal was not re-detected. We conclude that the candidate was a deviant residual speckle from the ADI data reduction in the first epoch, rather than a real on-sky source. At the IWA, the number of frames available to the ADI algorithm for PSF subtraction is extremely limited, thus the residual noise can no longer be assumed to approximate Gaussian statistics as is commonly the case in the well-sampled parts of an ADI output image (Mawet 1 While the term IWA originates from coronography, we use it to refer to the minimum angular separation from the star at which the total field rotation is sufficient to perform LOCI ADI for a given dataset. et al. 2014). The apparent 6 σ significance in the first-epoch image may therefore have been overestimated.
Preliminary results from the planet search
Since many targets whose exploratory observations revealed promising companion candidates remain without a second epoch and therefore cannot yet be tested for common proper motion, we defer an in-depth report and statistical analysis of the results to a future paper. Since NaCo is scheduled to be offered again on VLT in ESO period P94, the remaining follow-up observations could be concluded by early 2015 at the earliest.
In the meantime, the current body of observations constitute a successful pilot run for the full SPOTS survey, demonstrating the feasibility and validity of our observational strategy. Most of our targets are unresolved spectroscopic binaries, which behave like single stars for the purpose of observation and data reduction. As the images of Alhena in Figure 1 demonstrate, even tarArticle number, page 7 of 12 A&A proofs: manuscript no. ms Fig. 2 . Plot of the 5 σ contrast (top panel) and the corresponding 5 σ minimum detectable planet mass (bottom panel) for the LOCI ADI images from the two sample targets Alhena (red solid lines) and EM Cha (blue dashed lines). Both curves are corrected for the partial loss of planet flux due to self-subtraction in the data reduction. The total amount of field rotation captured was low in both observations (11.8
• for Alhena and 12.6
• for EM Cha); thus, the curves are conservative representations of the survey's sensitivity. Note that Alhena provides higher contrast than EM Cha since it is a brighter star and therefore offers more dynamic range between the stellar peak flux and the background sensitivity limit. On the other hand, since EM Cha is a much younger system than Alhena (8 Myr vs. 300 Myr), the minimum detectable companion masses are lower for EM Cha by an order of magnitude.
gets with a resolved secondary star are useful to search for planets with ADI, in particular if the secondary is much fainter than the primary. Of our 26 exploratory targets, 10 have been found to require follow-up, which coincides well with the follow-up rate of 30% found for single stars in the NaCo large program (Chauvin et al. 2014) .
Among the three targets with reliable follow-up observations (Alhena, 26 Gem, GS Leo), no co-moving companion has been found. A total of seven targets with at least one candidate for a planetary-mass companion remain to be confirmed (IK Peg, TYC 8569 3597 1, HIP 76629, TYC 9399 2452 1, HS Lup, HIP 78416, BS Ind).
The final astrometric analyses will be published in the full survey paper foreseen for 2015.
Astrometry of resolved binary targets
As an auxiliary science result, our survey data provide accurate stellar astrometry for three resolved target binary systems: Alhena (two epochs), V1136 Tau, and UX For. Unsaturated images from these four observations are shown in Figure 3 , demonstrating the clear detections. Each of these targets is briefly discussed in a dedicated paragraph below. The numerical results are summarized in Table 3 .
For all targets, unsaturated frames taken as part of our highcontrast observing runs for the purpose of photometric calibra- Table 3 . Relative astrometry of the three resolved target binaries in the NaCo-based stage of the SPOTS survey.
tion were used to measure the relative astrometry of the target binary. The position of each stellar component was extracted using the gcntrd function in IDL. The error of this measurement was estimated to the FWHM of the secondary's PSF divided by its S/N ratio. A second error contribution is due to the uncertainty in True North orientation and plate scale. Since the SPOTS observations are performed in service mode and distributed over the course of years, it was impractical to include regular astrometric calibration observations. For the first-epoch observation of Alhena, we use the calibration values reported for a roughly contemporary epoch in the NaCo Large Program (Chauvin et al. 2014 ; Table 5 Alhena (= γ Gem, WDS J06377+1624Aa,Ab, HD 47105, HIP 31681) comprises an A-type primary and a G-type secondary. While constraints from Doppler spectroscopy and astrometric tracking of the system's photocenter had been available for (2011 .98, 2013 2012 .26: Drummond 2014 . The sizes of the crosses correspond to the astrometric error bars in the azimuthal and radial directions. Note that the observed positions are systematically and significantly offset to the North (χ 2 = 31.4). (c) The same for an adjusted orbit with Ω = Ω + 0 • .7, leading to a good fit the data (χ 2 = 6.8).
decades, the secondary star was only recently resolved for the first time (Drummond 2014) , allowing these authors to propose a first complete orbital solution. Our exploratory and follow-up observations add two new epochs of relative astrometry, bracketing the single epoch of that author. In Figure 4 , we illustrate the relative orbit of Alhena B around A as proposed in Drummond (2014) , and the three resolved astrometric measurements. All data points appear to be systematically and significantly offset from their expected locations to the North (χ 2 = 31.4). While refitting the orbit to all published constraints is beyond the scope of this work, we note that adding +0 • .7 to the longitude of the ascending node, Ω, removes these discrepancies and yields a good fit (χ 2 = 6.8) without impacting the Doppler spectroscopy constraints (Figure 4c ). V1136 Tau (= CHR 14, HD 284163, WDS J04119+2338AB, HIP 19591) is listed with a period of P = 40.9 yr, a semi-major axis of a = 0 . 31, and an eccentricity of e = 0.853 in Malkov et al. (2012a) . Both component stars appear elongated towards the North in our images, likely due to an imperfect PSF shape caused by wave-front sensing on the resolved, low-contrast binary guide star. Our astrometry places the secondary star between the positions reported for a bracketing pair of epochs by Tokovinin et al. (2012 Tokovinin et al. ( , 2014 . UX For (= HIP 12716, HD 17084, TOK 187) is a triple system comprising an unresolved G6V-type spectroscopic binary with a 0.955-day period and a resolved tertiary component first reported in Hartkopf et al. (2012a) . No orbital solution is given, though the period of the tertiary is estimated to 40 years.
Conclusion
SPOTS (Search for Planets Orbiting Two Stars) is the first dedicated high-contrast imaging survey aimed at sampling the population of giant planets on wide circumbinary orbits. In this work (Paper I), we have presented our scientific rationale for this kind of survey, which can be summarized in four points:
-Theoretical and observational work predicts that giant planets can form, evolve, and survive on long time scales in circumbinary environments. However, most direct imaging surveys so far have excluded binaries from their target lists, leaving this interesting demographic of planets largely unexplored.
-Close binary systems that make promising hosts for circumbinary planets do not cause difficulties in direct imaging observations or data reduction. Furthermore, a binary host star may offer more planet-forming resources than a single star of the same overall brightness. -Circumbinary planets may be scattered or continuously pushed out to larger orbital radii by dynamic interaction with their host binary, enriching the population of wide-orbit planets. -Since binarity of the host star influences planet formation by core accretion and gravitational instability in different ways, sampling the circumbinary planet demography may yield new and unique insights into the processes of planet formation.
Furthermore, we have presented the design and current status of the SPOTS survey. In the context of our pilot survey on VLT NaCo, we have obtained exploratory observations of 26 targets, and are currently in the process of concluding the follow-up efforts for the promising companion candidates in that sample. Our preliminary results demonstrate the feasibility and validity of our observing strategy. No confirmed co-moving companion has been discovered so far; however, seven targets with promising candidates remain to be re-observed for common proper motion testing (cf. Section 4.3).
Finally, we have reported on the astrometry of the three resolved binaries in our observed sample (Alhena, V1136 Tau, UX For).
In a separate publication (Paper II), we present a statistical analysis of the direct imaging constraints on tight binary targets collected from the target lists of several published surveys.
A full report and statistical analysis for this NaCo-based stage of the SPOTS survey will be delivered in a third publication upon completion of the follow-up observations (expected in 2015). A second stage of the SPOTS survey comprising 40 more targets is then foreseen with VLT SPHERE in the following years.
Including RVs measured on archival FEROS and HARPS spectra, we derived a tentative orbital solution with a period of about 4.5 years and moderate eccentricity (0.5-0.6). The corresponding minimum mass of the companion is 0.11 M . There is an additional companion, the M5Ve star HD 139084B at 10 .
HIP 78416 = HD 143215: Triple system, formed by an SB2 system discovered by Desidera et al. (2006) and a wide companion at 6 . 55 (550 AU projected separation). The system is formed by three stars with similar masses. The large X-ray emission might be due to fast rotation due to tidal circularization. However, the isolated secondary also shows a fast rotational velocity, Ca II HK emission level similar to Pleiades, and a Lithium 6708 Å line stronger than Pleiades stars of similar color. Li lines are clearly visible and well separated also in the SB2 component. The star is at a distance of 84 ± 12 pc in front of the Lupus cloud. The kinematical parameters and the space position are compatible with those of Upper Centaurus Lupus (UCL) group. The age resulting from lithium is also fully compatible with UCL membership.
BS Ind = HIP 105404 = HD 202917: This is a spectroscopic binary with P = 3.3 yr and e = 0.6, in which the primary is found to be itself an eclipsing binary with P = 0.43 days. The components of the eclipsing system are likely late K-or early M-type stars, with a total mass of about 0.9 M , while the wider spectroscopic companion is a K0V-type star of 0.8M (see Guenther et al. 2005 , for all the details). Membership to Tuc-Hor association was supported by Zuckerman & Song (2004) and Malo et al. (2013) but rejected by Torres et al. (2008) . The Li EW suggests an age as young as 10 Myr but should be taken with caution because of the composite nature of the system. We adopt Tuc-Hor membership and its age.
IK Peg = HIP 105860 = HD 204188: Single-lined SB with a massive white dwarf companion (Wonnacott et al. 1993) . The system should have evolved through the common envelope phase, rendering it challenging to estimate the original configuration and the age of the system (Davis et al. 2010) . The position of the primary close to the zero-age main sequence, the large mass and hot temperature of the white dwarf, and the youngdisk kinematics support a moderately young age. Trilling et al. (2007) adopt an age of 100 Myr. The primary is also a δ Scu pulsating variable.
δ Cap = HIP 107556 = HD 207098 = GJ 837: Short-period spectroscopic and semi-detached eclipsing binary. Orbit from SB9: P = 1.02 d, e = 0.01, K1 = 70.80 km/s. In the catalog of semi-detached binaries (Surkova & Svechnikov 2004) individual masses and radii M A = 1.50, M B = 0.56, R A = 1.85, R B = 1.56 are listed. The large X-ray luminosity of the system is likely due to tidal-spin up of the late type secondary. An age of 540 Myr is derived by Nielsen et al. (2013) . However, it is highly uncertain. Furthermore, the position on CMD and then age from iscochrone may have been altered by mass trasfer process. The kinematic parameters are compatible with a young age.
CS Gru = HIP 109901 = HD 211087: Lithium-rich K-type dwarf identified as SB1 (RMS of RV 37 km/s, 4 measurements) in SACY. The possibility of a tidally-locked binary can not be excluded from current data, but the large lithium EW indicates an age of about 100 Myr. The large uncertainty in the kinematic parameters due to the RV variability prevents a proper evaluation of membership to associations.
TYC 6386-0896-1 = HD 215341: SB2 discovered by Christian et al. (2002) ; the orbital solution is not available. The very large coronal and chromospheric activity are likely due to tidal locking, while Lithium is within the locus of Pleides stars. We adopt an age of 150 Myr.
